The aim of this work was to evaluate the ability of a bioactive glass-ceramic to induce the apatite nucleation on the titanium oxide layer produced by micro-arc oxidation. "In vitro" tests were carried out on a simulated body fluid solution in two different manners: one group was soaked in the SBF, while the other group was soaked together with the bioactive glass-ceramic. Results revealed that after 7 days, the specimens soaked in SBF were covered with an amorphous calcium phosphate layer, while the specimens soaked in SBF plus glass-ceramic formed a crystalline apatite layer, suggesting thus, that the glass-ceramic provides silanol groups that accelerated the hydroxyapatite apatite precipitation on the anodic TiO 2 layer.
Introduction
Bioactive ceramics such as Bioglass [1] , Cerabone A/W [2] , and Biosilicato [3] , have the properties to spontaneously bond and integrate with living bone forming a biologically active bone-like apatite layer on their surfaces. But they are not appropriate to replace bones when subjected to load due to their poor mechanical properties [4] . On the other hand, the use of titanium and its alloys are widely used in biomedical devices due to its good biocompatibility, corrosion resistance, good fatigue strength, high fracture toughness and elastic modulus near to that of human cortical bones [5] . However, Ti and its alloys are not bioactive [6] . To improve the bone bonding ability of titanium implants, several methods have been used to modify the titanium surfaces including deposition of bioactive coatings [7] . One of the most accepted and commercialized bioactive coating material is the hydroxyapatite (HA) applied by plasma spray [8] , but its final composition, as well as its adhesion to substrate, is not well controlled [9] . Bioglass coatings deposited by plasma spray or enameling fail due to the poor adhesion of the coating and/or degradation of the glass properties during the coating procedure [10, 11] .
Another technique extensively used to improve the surface interaction of titanium with living tissues is the micro-arc oxidation (MAO). Using this technique, it is possible to obtain a tailored surface, with desired roughness, composition and porous size, by controlling the electrolyte, applied voltage and/or current, and oxidation time [12] [13] [14] [15] [16] [17] [18] . Besides the improvement of osseointegration, such surfaces may enhance the anchorage of bioceramics coatings.
The mechanism of apatite formation on the modified titanium has attracted considerable interest, once it may provide information about bioactive surface functionalization of non-bioactive materials. It is known that the mechanism of apatite formation on these bioceramics depends on the corrosion and precipitation processes leading to the formation of functional groups when soaked in a simulated body fluid (SBF). These groups have specific structures with negative charges, and induce apatite formation via formation of an amorphous calcium phosphate [19] [20] [21] . The fundamental understanding of this mechanism provides the guidelines for designing novel bioactive materials with different surface properties.
The aim of this study was to evaluate the ability of a bioactive glass-ceramic as an induction agent for the formation of apatite layer on oxidized titanium samples when soaked in simulated body fluid (SBF). This work will give us a better understanding of how the application of the glass-ceramic acts as a bioactive coating on an anchoring substrate such as porous titanium oxide layer.
Material and methods
Commercially pure titanium (cp-Ti) plates (20 × 10 × 0.9) mm, ASTM grade 2, were mechanically ground using #1000 SiC paper, Surface & Coatings Technology 206 (2012) [4601] [4602] [4603] [4604] [4605] then ultrasonically cleaned with acetone, followed by distilled water rinsing. The anodic oxidation was carried out at the center of the specimens under potentiostatic mode with an applied voltage of 110 V for 1 min at room temperature, using 1 M Na 2 SO 4 solution as the electrolyte, and a platinum plate as a counter electrode.
In order to test the ability of the bioactive glass-ceramic as an inducing agent of apatite formation, the oxidized specimens were divided into two groups and soaked in simulated body fluid (SBF). The SBF was prepared by dissolving reagent grade NaCl, NaHCO 3 [19] . Group 1 consisted only of oxidized Ti specimens (surface area of 4.5 cm²); and Group 2 of the oxidized Ti specimens plus a small rod (total surface area of 7.5 cm²) of a fully crystallized Na 2 O-CaO-SiO 2 -P 2 O 5 bioactive glassceramic. The detailed glass-ceramic production is described elsewhere [3, 22, 23] . Both groups were soaked in SBF at 37°C for 7 days. The distance between the oxidized area and the glass-ceramic inside the recipient was 3 mm. About 45 ml of SBF for Group 1 and 75 ml of SBF for Group 2 were added to the container to give a ratio of the samples surface area per volume (SA/V) of 0.1 cm − 1 [19] .
The specimens surface was evaluated by scanning electron microscopy (SEM, Jeol JSM-6360LV). The qualitative composition of the surface layer was analyzed by energy dispersive spectroscopy (EDS, Thermo Noran). Surface structural changes of the anodic layers were determined by X-ray diffraction (XRD, Shimadzu XRD-7000) using the Bragg-Bretano method with Cu radiation at 40 kV and 30 mA, and Fourier Transformed Infrared Spectroscopy using the reflectance mode (FTIR, Perkin Elmer Spectrum GX). Spectra were obtained between 4000 and 400 cm − 1 at 2 cm − 1 resolution.
Results
Fig . 1 shows a porous and rough surface with irregular morphology of the TiO 2 layer produced in 1.0 M Na 2 SO 4 electrolyte. The anodization process starts with the current instantly reaching a maximum value (1.5A) and then decreasing to a nearly constant value of 300 mA until the end of the process, after 1 min. At the potential of 110 V, we observed a sparking phenomenon during anodization due to the dielectric breakdown of the oxide layer, characterized by a voltage fluctuation [24, 25] . X-ray diffraction (XRD) patterns ( Fig. 2) showed that the oxide layer on the titanium surface consisted of the rutile phase.
After 7 days soaked in SBF solution, the surface of Group 1 samples was totally covered with a thin layer rich in Ca and P as observed by SEM/EDS ( Fig. 3a-d) . EDS results also showed Ti and O peaks, suggesting that it is a very thin calcium phosphate layer. XRD patterns of the Group 1 specimens (not shown here) exhibited no other peaks, except for the diffraction peaks from rutile and titanium. As pointed out by Kokubo et al. [6] , this amorphous calcium phosphate layer will be transformed into crystalline apatite after a longer soaking period.
The morphology of the Group 2 specimens soaked in SBF with glass-ceramic for 7 days is shown in Fig. 4 . This set of micrographs shows the TiO 2 surface changes as a function of the distance to the glass-ceramic. First, the region that is farthest (about 10 mm) from the glass-ceramic rod (Fig. 4a) shows that the surface is not altered. As the distance between the anodic layer and the glass-ceramic rod decreases, small spherical particles are formed all over the porous surface with no preferential site for nucleation, and the number and size of those particles increase. It is interesting to note that the spheres are also formed inside the layer pores, and they grow, unite, and cover the entire surface ( Fig. 4b-f ). The EDS spectrum shows that these spheres contain calcium and phosphorus, along with Si and Mg from the interaction with the bioactive glass-ceramic and SBF. At regions far from the bioactive glass-ceramic we observed only Ti and O. Fig. 5 shows the FTIR spectra of the Group 2 specimens surface before and after soaked in SBF for 7 days. The measurements were done in two different regions, near and far from the glass-ceramic rod. It is observed that the spectrum of the TiO 2 layer before the exposure to SBF has an almost identical profile to the spectrum of the TiO 2 layer region soaked in SBF far from the bioactive glass-ceramic. Nevertheless, the spectrum of the region near the glass-ceramic exhibits a very different profile, indicating remarkable surface changes. Note that this spectrum shows reflectance bands on wavenumbers very close to the ones exhibited by the layer formed on the glass-ceramic surface after soaked in SBF for 7 days. The band assignments around 515 cm − 1 , 560 cm − 1 and 600 cm − 1 correspond to P-O bending due to the apatite formation.
Discussion
The mechanism of apatite formation on the titanium oxide layer produced by anodic oxidation was described by several authors (see for example, Wei et al. [26] and Kokubo [27] ) as follows: immediately after soaking in SBF, the Ti-OH groups on the surface are dissociated into negatively charged units of Ti-O − owing to its isoelectric point, which is lower than the pH of SBF. Next, this Ti-O − units combine with positively charged Ca 2 + ions from SBF forming an amorphous calcium titanate. The positively charged calcium titanate interacts with the negatively charged phosphate ions from the fluid forming an amorphous calcium phosphate. As the reaction continues, the amorphous calcium phosphate crystallizes into bone-like apatite. We believe that the amorphous calcium phosphate formed on the oxidized layer (Fig. 3) did not reach the conditions to evolve, get thicker and crystallize into a well-developed apatite layer, as observed in the work of Kawashita et al. [28] for the same kind of oxide surface. A possible explanation is that the ion supply of the SBF solution was not enough to induce such transformation during the period of 7 days. On the other hand, samples from Group 2 have shown a notably different result, with the presence of typical crystalline apatite spheres.
Some authors have drawn attention to the importance of dissolution products of bioactive glasses and silica in the enhancement of bone formation, gene activation, and apatite formation in vitro and in vivo [29] [30] [31] [32] [33] [34] .
The process of apatite formation on the glass surface was investigated by several authors [35] [36] [37] and can be summarized as follows: (iv) Precipitation of calcium and phosphate ions on the porous silica-gel layer forming an amorphous calcium phosphate layer; (ii) Finally, the amorphous calcium phosphate stabilizes into crystalline apatite and grows spontaneously.
If we look at the micrograph of a specimen from Group 2 (Fig. 4a) , the amorphous calcium phosphate layer is not observed as in Group 1 (Fig. 3) . The crystalline apatite is nucleated directly on the TiO 2 layer, induced by the glass-ceramic. The reason for this difference is that there is an increase of the OH − , calcium and phosphate concentration, supplied by the glass-ceramic, and it is also due to the introduction of a new component, which was not present before in the solution, Si(OH) 4 , which favors the silica-gel formation. The presence of Si(OH) 4 and the increase of the OH − concentration are the main factors which lead to the nucleation and growth of apatite on the TiO 2 layer. Similar results were found by Kokubo et al. [38] . They observed that the calcium and silicate ions, added to a SBF solution, induced the formation of apatite layer on a non-bioactive glass-ceramic. They suggested that the silicate ions provide favorable sites for the apatite nucleation. We suggest that the reaction of Ti-OH with Si(OH) 4 groups on the anodized surface is the first step for apatite nucleation according to the following reaction:
The silanol group attached to the TiO 2 surface may react with 3 other silanol groups, which can keep reacting with other silanol groups forming a network of hydrated silica oligomer, forming the substrate which will combine with hydrated calcium and phosphate complexes to generate the active sites for the nucleation of apatite.
Sahai and Anseau [39] have used crystallographic constraints with molecular orbital calculations to study the nucleation of apatite on Pseudowollastonite (psW) bioceramic. They identified the active site and proposed the reaction mechanism for the heterogeneous nucleation of the earliest calcium phosphate oligomer phase. According to their calculations, a cyclic trimmer with 3 silanol groups (Si 3 O 9 ) arranged at 60°to each other provides a stereochemical match for O atoms bonded to Ca 2 + on the (001) face of the hydroxyapatite.
The presence of glass-ceramic near the TiO 2 layer provides the conditions to enable the mechanism described above. The glassceramic releases a high concentration of Si(OH) 4 groups, which provide a critical active site density. The hydrated calcium complex and the hydrated hydrogen phosphate ions are already present in the SBF and may also be released from the glass-ceramic surface. This conclusion is supported by the fact that the density of apatite crystals in the vicinity of the glass-ceramic is high and decreases as the distance increases.
As there is a lack of Si(OH) 4 groups in the solution for the specimens in Group 1, the condition is not favorable for apatite crystals nucleation. Another advantage of the glass-ceramic is that it might increase the pH due to the Na + exchange of the material with H + ions of the solution, which results in the increase of the OH − concentration, inducing the apatite nucleation.
An interesting observation about the cp-Ti surface outside the anodized region is that this surface near the glass-ceramic did not show apatite nucleation. Hence, non-modified Ti does not react with the silanol groups and, therefore, there is no formation of active sites for apatite nucleation and growth. This result indicates that the anodic layer is bioactive and that the non-oxidized surface is not. Thus, the bioactive glass-ceramic is very important to induce the apatite nucleation and accelerate apatite formation on surfaces that present bioactivity.
We can summarize the importance of bioactive glass-ceramic for apatite formation on the anodic layer:
(i) the nucleation of apatite occurred only on the MAO layer and more intensely near the glass-ceramic rod (Figs. 4 and 5); (ii) as the distance between the glass-ceramic and the MAO layer increases, the number of the apatite nucleation sites decreases (Fig. 5) . At the opposite side of the MAO layer, far from the glass-ceramic, no apatite was observed on the oxidized surface; (iii) in the non-modified Ti region, that was not anodized and was near the glass-ceramic, no apatite formation was observed.
These results have shown a way to accelerate the apatite formation on a titanium oxide layer produced by anodic oxidation. The crystalline apatite layer was observed only on specimens soaked with the glass-ceramic in the solution, while the specimens without the glass-ceramic, submitted to the same incubation time show a surface with an amorphous calcium phosphate layer, which, according to Jonásová, is the step prior to apatite formation [40] . According to Kokubo [41] , an essential requirement for the implants to bond to living bone is the formation of a biologically active bone-like apatite layer on their surfaces in the body, and that this apatite layer can be reproduced in vitro when soaked in simulated body fluid. Thus, it is expected that the same reaction forming the bone-like apatite that occurred on MAO surfaces with the presence or not of the glassceramic could occur in the living body.
Therefore, in order to change a biocompatible titanium surface into a bioactive surface, it is necessary to make some chemical and microstructural modifications such as the micro-arc oxidation, and an improvement of its bioactivity is possible by adding a source of silanol groups such as the ones provided by the glass-ceramic.
Conclusions
The nucleation of apatite induced by a bioactive glass-ceramic was studied using SEM/EDS and FTIR. Specimens of micro-arc oxidized titanium were soaked in SBF for 7 days without (Group 1) and with (Group 2) the addition of a bioactive glass-ceramic rod. For this period, specimens from Group 1 presented an amorphous calcium phosphate layer, while the specimens from Group 2 presented hydroxyapatite crystals, with different nucleation density as a function of the distance from the glass-ceramic. The addition of a bioactive glass-ceramic rod into the SBF provided a source of Si(OH) 4 groups in the solution, induced apatite nucleation and accelerated apatite growth on the MAO layer near the glass-ceramic. The nearest the surface layer was to the bioactive glass-ceramic the more apatite was formed. 5 . FTIR spectra of the Group 2 specimens surface and glass-ceramic surface before (unreacted TiO 2 layer) and after soaked in SBF for 7 days.
